Math1 is the defining molecule of the cerebellar rhombic lip and
Introduction
Tissue patterning by gene expression is an important developmental process in the generation of different structures and specific cell types in multicellular organisms. In the developing vertebrate CNS, the midbrain and cerebellar primordia are specified by the opposing expression of Otx2 and Gbx2, which patterns the developing neural plate and positions the isthmic organizer (ISO) at the midbrain-hindbrain boundary (Broccoli et al., 1999; Millet et al., 1999) . Subsequently, expression of Math1 and Ptf1a specify two distinct germinal zones in the cerebellar anlage, the rhombic lip (RL), and the ventricular zone, respectively (Ben-Arie et al., 1997; Hoshino et al., 2005; Pascual et al., 2007; Yamada et al., 2014) . The Math1 ϩ rhombic lip gives rise to the glutamatergic lineages including the large cerebellar nuclear (CN) neurons, granule cells, and unipolar brush cells (UBCs); while the Ptf1a ϩ ventricular zone gives rise to GABAergic lineages such as the GABAergic nuclear neurons, Purkinje cells, and interneurons.
An important molecule in the development of the main glutamatergic cell to emanate from the RL, the cerebellar granule cell, is Pax6, a paired-domain transcription factor (Engelkamp et al., 1999; Swanson et al., 2005) . Pax6 expression marks the Math1 ϩ cells that arise from the RL and the granule cell progenitors (Stoykova and Gruss, 1994) . The loss of Pax6, as in the Small Eye mutant (Sey) mouse, results in the disruption of cerebellar foliation and the organization of the external germinal layer (EGL; Engelkamp et al., 1999; Swanson et al., 2005; Swanson and Goldowitz, 2011) . To identify Pax6-related genes that are presumably causal for the granule cell mutant phenotype, our group studied the transcriptional network regulated by Pax6 where we measured the whole genome transcriptome of Sey mutant and wild-type cerebella at different development stages (Ha et al., 2012) . By comparing the transcriptomes between Sey mutant and wild-type cerebella, we identified genes that are differentially regulated in the developing cerebellum in the loss of Pax6.
One of the genes that exhibited an upregulation in the Sey mutant cerebellum is Wntless (Wls, also known as GPR177 ). Wls is a highly conserved, multipass transmembrane molecule. Studies in Drosophila have indicated a role for Wls in promoting Wnt molecule secretion (Bänziger et al., 2006; Bartscherer et al., 2006) . A recent study in the mouse has demonstrated the requirement of Wls in body-axis establishment (Fu et al., 2009 ). However, the role of Wls in cerebellar development remains unknown. The microarray analysis of transcript expression shows that in the wild-type cerebellum, Wls is highly expressed during early development and diminished over time. However, in the Sey mutant, cerebellar expression of Wls is found to be upregulated at the time when expression normally decreases in the wild-type cerebellum.
In this study, we describe Wls as a novel molecular marker of the RL that joins four other cell markers (Math1, Pax6, Lmx1a, and Tbr2) in identifying four molecularly distinct compartments in the developing RL. Math1-null and Sey mutants are used to test the interaction among Wls, Math1, and Pax6. We find that Wls expression is independent of Math1 influence in the RL, while Wls expression is negatively regulated by Pax6.
Materials and Methods

Mouse strains and husbandry. ES cells heterozygous for a Wls
LacZ reporter allele were obtained from BayGenomics gene trap mutation project (Cell line: RRJ545, RRID:IMSR_MMRRC:003140). This cell line is characterized by a ␤-geo gene-trap vector integrated in the intron between exon 9 and 10 of the endogenous Wls sequence. The resulting knock-in allele encodes a fusion protein between a truncated Wls and a ␤-gal reporter protein, and transcription is controlled under the native Wls 5Ј region.
To generate the Wls-LacZ reporter animals, ES cells were injected into C57BL/6J blastocysts to create chimeras for germline transmission, and chimeras were bred to C57BL/6J mice to obtain Wls LacZ heterozygotes. Ear notches were collected at weaning and ear DNA was prepared by digestion with Proteinase K in 1X PCR tissue homogenization buffer at 55°C incubation overnight, followed by a Proteinase K inactivation step at 95°C for 10 min. PCR genotyping was performed using forward primer specific to the wild-type Wls sequence (Wls-F1: atgcaccacatacacaactgg) and reverse primers specific to the wild-type Wls sequence (Wls-R1: caggtcatgaggctgtcaat) and to the LacZ insertion sequence (LacZ: ggttgcggtggtgatataaa) that amplifies DNA fragments of 126 and 80 bp for the wild-type and Wls LacZ alleles, respectively. Primer concentrations for multiplex PCR genotyping were 575 (Wls-F1), 288 (Wls-R1), and 575 nM (LacZ). PCRs contained a final concentration of 185 M dNTPs, 1.8 mM MgCl 2 , and 1 U of TaqDNA polymerase. Cycling conditions were as follows: first denaturation step at 94°C for 2 min, 35 cycles of denaturation at 94°C for 30 s, hybridization at 60°C for 45 s and elongation at 72°C for 1 min, and end with a final elongation step at 72°C for 6 min. PCR product was applied to TBE agarose gel for analysis.
The Pax6-null mutant strain, Pax6 Sey (obtained from Robert Grainger and Marilyn Fisher, University of Virginia), was used in the study of Wls expression. The strain was bred, phenotyped, and genotyped as previously described (Swanson et al., 2005) .
The Math1-lacZ reporter strain (obtained from Huda Zoghbi, Baylor College of Medicine) was used in the study of RL marker expression and Math1-KO experiments. The Math1 genotype was determined by PCR according to protocol previously described (Jensen et al., 2002 LacZ/LacZ mutants were generated by heterozygote matings. The morning of the day that a vaginal plug was detected was designated as E0.5. All studies were conducted according to the protocols approved by Institutional Animal Care and Use Committee and Canadian Council on Animal Care at the University of Tennessee Health Science Center and the University of British Columbia.
BrdU labeling. To examine cell proliferation in the cerebellar RL, timed pregnant females were injected intraperitoneally with BrdU (Sigma, B5002; 50 g/g body weight) 1 h before the collection of embryos. Tissue was processed and sectioned as described below. To quantify the number of BrdU ϩ cells in the cerebellar RL, ϳ50 sections that were equally distributed across the full cerebellum, right and left sides inclusive, were analyzed.
Tissue preparation and histology. Embryos of either sex harvested between E10.5 and E16.5 were fixed by immersion in 4% paraformaldehyde in 0.1 M PB, pH 7.4, for 1 h at 4°C. Embryos harvested at E18.5 were perfused with 4% paraformaldehyde in 0.1 M PB and brain tissues were isolated and further fixed in 4% paraformaldehyde in 0.1 M PB for 1 h at room temperature. For tissues to be sectioned, fixed tissues were rinsed with PBS, followed by cryoprotection with 30% sucrose/PBS overnight at 4°C before embedding in OCT compound. Tissues were sagittally sectioned at 12 m for immunohistochemistry or 16 m for in situ hybridization; cryosections were mounted on SuperFrost slides (Fisher), air dried at room temperature, and stored at Ϫ80°C until used. For wholemount ␤-gal staining, fixed tissues were rinsed twice with PBS and finished with one PBS-T wash (0.1 M PBS with 0.1% Triton X-100) before staining. In all cases, observations were based on a minimum of three embryos to a maximum of eight embryos per experiment.
In situ hybridization. Sense and antisense riboprobes corresponding to the cDNA fragment of Wls (position 371-1487 in NM026582.3) were generated and labeled with DIG-UTP. Wls cDNA was generated from a cDNA library obtained from E15.5 and P0 mouse brain generated with a cDNA synthesis kit (Invitrogen) using the forward (GCAGTACCCTA-CACGGCAAT) and reverse (GGCTAGACTGCTTCCCACTG) primers. The resultant Wls cDNA was cloned into the pGEM-T vector, and was used to generate cDNA templates for the sense and antisense riboprobes, with the primers M13F or M13R and the aforementioned forward or reverse primers. Before hybridization, sections were acetylated with ace- Figure 1 . Wls expression is localized to the cerebellar RL during embryonic development. Expression of Wls transcript and protein in the cerebellum, across embryonic development, is revealed by in situ hybridization (A-C) and immunohistochemistry (D-F ) analyses on wildtype brain tissues collected at E13.5, E15.5, and E18.5. Wls expression is localized predominately to the cerebellar RL at all ages examined (arrows). Wls is also expressed at the ISO region (asterisks in A and D), in the cells of the choroid plexus of the fourth ventricle, and in the meninges over the cerebellum and roof plate. CP, choroid plexus; EGL, external germinal layer; VZ, ventricular zone. Scale bars: 100 m.
tic anhydride in 0.1 M triethanolamine at pH 8.0 and dehydrated with graded concentrations of ethanol. Sections were incubated with cDNA probe in Ultra-hybridization buffer (Ambion) at 55°C overnight in a humid chamber. After hybridization, the slides were washed and rinsed in descending concentrations of salt: 4X SSC, 2X SSC, 1X SSC, and 0.5X SSC at 55°C, and then incubated with an anti-DIG antibody (Roche) for 2 h at room temperature at a concentration of 1:300. After washing, slides were colorized with NTP/BICP (Roche) and mounted with 1.5% gelatin containing 15% glycerol.
Immunohistochemistry. Tissue sections were rehydrated to PBS. For bright-field immunohistochemistry, endogenous peroxidase activity was inhibited by treating the sections with 1% H 2 O 2 in PBS followed by a PBS-T rinse. Sections were incubated at room temperature for 20 min with blocking solution (1% BSA and 5% normal serum in PBS-T), and subsequently incubated at room temperature overnight with primary antibodies in a humid chamber. Following PBS-T washes, the sections were incubated with biotinylated secondary antibodies (1:200; Vector Laboratories) and processed for PAP immunohistochemistry using the ABC Kit (Vector Laboratories) according to the manufacturer's protocol. Slides were dehydrated and coverslips were applied. For immunofluorescence, secondary antibodies labeled with fluorochrome were used to recognize the primary antibodies. The slides were counterstained and mounted with Vectashield mounting media with DAPI (Vector Laboratories). Primary antibodies used were as follows: rabbit anti-Wls N (1:500; YenZym Antibodies), rabbit anti-Wls C (1:1000; initially a gift from Richard Lang, University of Cincinnati; then purchased from Seven Hills Bioreagents, WLAB-177), rab- Detection of ␤-gal activity. To detect ␤-gal activity in the Wls LacZ/ϩ reporter mice, 4% paraformaldehyde-fixed embryos or cryosections were incubated in an X-gal reaction buffer (containing 5 mM potassium ferricyanide, 5 mM potassium ferricyanide, 2 mM MgCl 2 , 0.02% Nonidet P-40, 0.01% sodium deoxycholate in 0.1 M PBS-T, and 1 mg/ml X-gal; Invitrogen, 15520-018; dissolved in DMSO) at 37°C overnight in a humid chamber. After incubation, tissues were rinsed with PBS. Cryosections processed for X-gal activity were counterstained with neutral red.
Microscopy. Analysis and photomicroscopy were performed with a Zeiss Axiovert 200M microscope with the AxioCam/AxioVision hardware-software components (Carl Zeiss). Confocal microscopy was performed using an Olympus FV500 confocal laser scanning microscope and the FluoView image-capture and analysis software.
Results
Expression profile of Wls in the embryonic cerebellum
To elucidate the role Wls plays in cerebellar development, we first determined the expression profile of Wls in cerebellum during embryonic development. In situ hybridization was performed on sectioned brain tissues collected from E13.5, E15.5, and E18.5 wild-type embryos. Expression of Wls transcript is localized predominately to the cerebellar RL throughout these embryonic stages (Fig. 1A-C, arrows) . Contiguous with the cerebellar RL, the choroid plexus epithelium of the LacZ/ϩ embryos using anti-␤-gal antibody and an antibody that targets the C terminus of Wls (absent in the truncated reporter protein). Expression of endogenous Wls is localized predominately to the iRL (red fluorescence, left), whereas the eRL is Wls negative. The ␤-gal reporter is expressed at the same region in the iRL (green punctate fluorescence, middle). Double labeling shows that the expression of Wls and ␤-gal proteins is colocalized in the cytoplasm of the iRL cells (merged image, right). CP, choroid plexus. Scale bar, 50 m.
fourth ventricle and the lower RL of the hindbrain are also found to express Wls. At the midbrain-hindbrain boundary, the ISO region, Wls transcript is also detected at all embryonic stages examined ( Fig. 1A , asterisk; data not shown). Cells in the ventricular zone are also positive, particularly at E15.5. Staining is less evident in the ventricular zone at E13.5 and E18.5. Wls transcript is found to be lightly expressed in the meninges and roof plate over the cerebellum.
To further characterize Wls in the developing cerebellum, we examined the expression of Wls protein using immunohistochemistry with two antibodies that recognize either the N-terminal or the C-terminal amino acid of the Wls peptide. Wls protein expression is detected in the cerebellum at all developmental stages examined (E13.5, E15.5, and E18.5; Fig. 1D-F ) . Expression is localized to the cerebellar RL, choroid plexus, lower RL, and ISO region as well as the meninges and roof plate over the cerebellum. The expression patterns are identical between the two antibodies used for Wls protein detection (data not shown). This pattern of immunostaining is identical to the expression profile of the Wls transcript. These results demonstrate that Wls has a very restricted expression domain in the developing cerebellum. In the adult, the only expression of Wls, which is light, is found in the Purkinje cells (data not shown).
Expression of the ␤-gal reporter in Wls
LacZ/؉ mice To further elucidate the expression pattern of Wls, we used a ␤-gal reporter mouse strain (see Materials and Methods section). Mice heterozygous for the knock-in allele appear normal and are fertile, homozygous Wls LacZ/LacZ , however, is early embryonic lethal. Embryos ranging from E10.5 to E18.5 were harvested from heterozygote ϫ wild-type matings. Tissues from heterozygote and wild-type embryos were processed for X-gal staining. The presence of ␤-gal reporter activity is readily detected with X-gal staining in whole-mount and sectioned tissues of heterozygous embryos, while staining is absent, as would be expected, from wild-type tissues ( Fig. 2; data not shown). At the early embryonic stage, E10.5, a strong dorsal midline expression of the reporter protein is detected in the developing brain, including the telencephalon, diencephalon, mesencephalon, and the rhombencephalon (Fig. 2 A, B) . Also noticeable at this early stage is a broad expression at the hindbrain roof plate that gives rise to the future choroid plexus ( Fig. 2A) . Examination at the cellular level reveals that in the early developing cerebellum, expression of the reporter protein is seen in the cells of the roof plate and the developing choroid plexus (E11.5; Fig. 2C ). At later stages of embryonic development, X-gal staining is largely restricted to cells in the cerebellar RL and the choroid plexus ( Fig. 2D-F ) , the ISO region (Fig. 2E, black asterisks) , and the meninges. The embryonic expression pattern of the reporter protein recapitulates endogenous Wls expression in the cerebellum (Fig. 1 ). There are a few Wlsimmunonegative but ␤-gal-positive cells in the subpial stream from E11.5 to E14.5 suggesting that these cells are from the Wls lineage that has downregulated Wls expression (Fig. 2D, arrowhead) .
At the cellular level, Wls immunostaining indicates that the protein is localized in the cytoplasm (Fig. 3, left) . Staining for ␤-gal reporter protein with ␤-gal antibody also shows a cytoplasmic localization and staining appears punctate (Fig. 3, middle) . The double-labeling for ␤-gal and Wls protein (using the antibody against the C terminus) in heterozygous embryos illustrates colocalization in the cells of the cerebellar RL (Fig. 3, right) . When labeled with the Wls antibody that recognizes the N terminus of the Wls protein, the staining of Wls appears punctate and is perfectly colocalized with the ␤-gal staining (data not shown). These findings corroborate the notion that each of these three visualization techniques provides a faithful rendition of Wls expression in the developing cerebellum. Most importantly, these three approaches identify the Wlspositive cells as largely localized to the interior face of the RL (iRL), while cells of the exterior face of the RL (eRL) are Wls negative (Fig. 3, regions separated by  dashed line) . Furthermore, these findings validate the use of this transgene reporter model to study Wls expression. LacZ/LacZ -null mutant cerebellum at E15.5. Math1-null mutant cerebellalackEGLandRLderivatives.Nevertheless,WlsexpressionremainsunaffectedintheMath1-nullcerebellumandisdetectedinthe remainingcellsofRL,whicharearrangedincolumnararraysthatcytoarchitecturallyresemblethecellsoftheiRL.Themergingofimagesof WlsandMath1expressiondemonstrates,ontheright,thecoexpressionofWlsandMath1inmanycellsoftheiRL.Thiscoexpressionisonly seen in a limited number of cells in the wild-type RL (Fig. 5F) . CP, choroid plexus; M, meninges; VZ, ventricular zone. Scale bar, 50 m.
Expression of Wls is complementary to, and independent of, Math1 expression in the RL
Math1 is the master control gene that defines the cerebellar RL and is critical for the generation of RL derivatives. The novel finding that Wls is expressed in the RL prompted us to ask whether Wls is a member of the Math1 molecular cascade. As a first step, we compared the anatomical expression of Wls with Math1 in the wild-type RL. Math1 is expressed in the RL as early as E9.5 and in the RL derivatives during embryonic development (Machold and Fishell, 2005; Wang et al., 2005) . By using the Math1
LacZ/ϩ reporter mouse (␤-gal reporter protein expression driven under Math1 locus; Ben-Arie et al., 2000), we found that during early development (E11.5), Wls expression in the RL is largely complementary to the Math1-expressing cells that are located at the surface of the emerging cerebellar anlagen (Fig. 4A) . In the E13.5 cerebellum, Wls is expressed throughout the RL (Fig. 5A ) and the overlap of expression of Math1 (␤-gal positive; Fig. 5B ) and Wls occurs in columns oriented in the anterior-toposterior domain (Fig. 5C , bounded by the dotted line). In the E15.5 cerebellum, Math1 and Wls expression domains further segregate, where the expression of Wls is localized predominately to the iRL ( Figure 5D ) and Math1 expression to the eRL (Fig. 5E ), with only a few cells coexpressing Wls and Math1 in the RL (Fig.  5F, arrow) . At the E15.5 time point the Wls-positive cells end abruptly at the presumed dorsal border of the RL (Fig. 5D ) while Math1-positive cells are seen to be continuous with the forming EGL (Fig.  5F ). By E18.5, Wls expression is restricted to the diminishing RL and completely segregated from the Math1-expressing cells in the EGL (Fig. 5G-I ) . Thus, Wls is largely expressed in different cells than those that express Math1.
Given the differential cellular localization of Math1 and Wls, we hypothesized that these two molecules play independent roles in the life of the RL. To test this hypothesis we examined the Math1-null mutant to determine whether the fate of Wls-expressing cells was altered in the KO. At E15.5, the EGL is absent in the Math1-null as previously reported (Ben-Arie et al., 2000; Jensen et al., 2004; Wang et al., 2005) , and the cerebellar RL appears much smaller in the mutant cerebellum compared with that of the wild-type. Surprisingly, Wls expression appears unaltered in the RL, choroid plexus, and ISO region of the Math1-null cerebellum ( Fig. 6; data not Expansion of Wls expression domain in the Sey mutant cerebellum. Expression of Wls was examined with in situ hybridization and immunohistochemistry in Sey mutant and wild-type cerebellum across embryonic development. At E13.5 (top), Wls expression is restricted to the RL (black arrowheads) in wild-type and Sey cerebella. A striking expansion of the Wls expression domain in the Sey mutant cerebellum is found at E15.5 and E18.5. At E15.5 (middle), expression of Wls has expanded beyond the RL (black arrowheads) into the nascent EGL in the Sey mutant (red arrows). This upregulation of Wls expression is maintained at E18.5 (bottom) in the Sey cerebellum (red arrows), when Wls expression has markedly decreased in the wild-type RL (the RL is identified by black arrowheads in wild-type and mutant cerebella). Scale bar, 100 m.
Expression of Wls is complementary to, and negatively regulated by, Pax6 in the RL
Pax6 expression is eliminated from the Math1-null cerebellum and therefore considered to be downstream Math1 in the RL Englund et al., 2006; Fink et al., 2006) . Given that Wls expression is independent of Math1, as shown above, we hypothesized that Pax6 and Wls are also independently expressed. However, our previous Pax6 transcriptome analysis suggests the hypothesis that Wls expression is regulated by Pax6 as we observed an upregulation of Wls transcript in the Pax6-null cerebellum (Ha et al., 2012) . Initially, to examine these hypotheses, we compared the anatomical expression of Wls with Pax6 in the wild-type RL. Immunohistochemical analysis revealed three configurations of Pax6-positive and Wls-positive cells in the E15.5 RL (Fig. 7) . First, in the eRL, as with Math1, there are strongly positive Pax6 cells that do not express Wls. A second population is found of low-expressing Pax6 cells in the iRL, which strongly express Wls. Finally, there is a set of cells in the most distal part of the RL that does not express Pax6, but strongly expresses Wls (Fig. 7, arrow) . At E18.5, the cells in the iRL now coexpress Wls and Pax6, in contrast to the exclusionary relationship between Wls and Math1at the same time point (Fig. 5I ; data not shown).
A more direct test of the above hypotheses would be to examine the expression of Wls in the Sey cerebellum. We find that Wls transcript expression is upregulated as early as E15.5 by 1.35-fold ( p ϭ 0.002) and 2.15-fold ( p ϭ 3.21 ϫ 10 Ϫ5 ) at E18.5 (Ha et al., 2012) . There are two possibilities that could explain these molecular findings. (1) There is an upregulation of Wls in Wls-positive cells in the mutant cerebellum, which would imply that Pax6 normally exerts control (i.e., suppression) on the expression level of Wls in the iRL, and the absence of Pax6 releases the suppression and results in a higher expression of Wls in the same number of cells. (2) A second possibility is that Wls expression expands into domains not normally occupied by Wls-expressing cells, suggesting that Pax6 suppresses Wls expression in the Pax6-expressing cells. To assess these nonexclusionary possibilities, we examined the expression of Wls in the Sey mutant cerebellum by in situ hybridization and immunohistochemistry. At E13.5 there are no apparent differences in the expression of Wls in wild-type and Sey mutant cerebella (Fig. 8) . However, at E15.5 we observed a striking expansion of the Wls expression domain beyond the cerebellar RL into the nascent EGL in the Sey mutant cerebellum (Fig. 8, E15 .5). This exuberant expression of Wls is maintained at E18.5 in the Sey mutant cerebellum, at a time when wild-type Wls is on the wane (Fig. 8) . Furthermore, the expanded expression of Wls in the Sey mutant is specific to the EGL as the isthmus expression is unaltered. In wild-type and heterozygous Sey embryos, cerebellar morphology and Wls expression patterns are indistinguishable (data not shown). The study of the Sey mutant cerebellum indicates that Wls expression is normally negatively regulated by the expression of Pax6 in the cells of the EGL.
Expression of Wls in relation to markers of the RL
In this study, we find evidence that the RL is actively patterned by gene expression. We show that Wls is expressed in the iRL and complementary to Math1 and Pax6 expression in the eRL. Furthermore, we demonstrate that the Wls-expression domain arises independent of Math1, but Wls is restricted to the iRL by the negative regulation of Pax6 in the eRL. To further characterize the different molecular domains in the RL, we examined the expression of Wls in relation to two additional markers of the cells in RL, Lmx1a, and Tbr2.
Lmx1a is a roof plate marker expressed in the RL and choroid plexus in the developing hindbrain (Chizhikov et al., 2006) . Expression of Lmx1a is observed in the fourth ventricle choroid plexus throughout embryonic development. During cerebellar development Lmx1a marks the CN neuron precursors at E13.5 that migrate to the nuclear transitory zone (NTZ; Chizhikov et al., 2010) . Lmx1a is also expressed in the UBCs that are found in the RL during E15.5 to E18.5 (Chizhikov et al., 2010) . The relationship between the Lmx1a and Wls expression domains is dynamic during cerebellar development. Early at E11.5, expression of Wls and Lmx1a overlap in the roof plate (Fig. 4C) . Lmx1a expression is largely complementary to that of Math; with an intermixing of Lmx1a-positive and Math1-positive cells at the border of the expression domain of each molecule, the number of cells coexpressed Math1 and Lmx1a is minimal (Fig. 4B) . At E15.5, Lmx1a is weakly expressed in the iRL that contains Wls ϩ cells. However, a stream of cells with strong Lmx1a expression is detected at the interface of iRL and eRL (Fig. 9A , bounded by the yellow dotted line), and these cells are Wls negative. It is worth noting that these cells are devoid of ␤-gal expression (Figs. 7, 9 , white arrowheads) in contrast to the Pax6-positive cells in the eRL, which still maintain a weak expression of ␤-gal (Figs. 7, 9 , black arrowheads). At E18.5, expression of Lmx1a is excluded from the Wlspositive cells in the iRL (data not shown).
Tbr2 has been demonstrated to be a marker of UBCs and NTZ cells in the developing cerebellum (Englund et al., 2006; Fink et al., 2006) . Tbr2 is not expressed in cells of the RL until E15.5. At this time Tbr2 is strongly expressed in a subset of cells localized to the interface between the iRL and eRL (Fig. 9B , bounded by the yellow dotted line). At E15.5, these Tbr2 ϩ cells are negative for Wls expression, and interestingly, these cells are also devoid of ␤-gal expression (Fig. 9B , white arrowhead), similar to the observation of Lmx1a expression at the same age (compare Fig. 9A, white arrowhead) . Expression of Tbr2 remained complementary to Wls ϩ iRL at E18.5 (data not shown).
With the identification of cell populations with different molecular identities in the RL, i.e., Wls ϩ cells in the iRL and Math1 ϩ and Pax6 ϩ in the eRL, we wondered if there were any cellular phenotypic differences that distinguished these cells. We examined cell death and cell proliferation in these two populations. Cell death is limited in the RL and displayed no obvious differences (data not shown). To assess cell proliferation, we pulse labeled embryos with BrdU at E15.5. The proliferative population of cells, as demonstrated with BrdU immunohistochemistry, appeared to be fewer in the iRL compared with eRL (Fig. 10A) . To quantify whether the proliferative activity of Wls-positive cells in the iRL was reduced when compared with eRL cells, a labeling index was calculated for the iRL and eRL cell populations. In the E15.5 cerebella, the proliferative index is significantly higher in the eRL (39.9%) compared with that in the iRL (28.0%; Fig.   10 B, C) . These results suggest that the molecularly distinct cell populations in the iRL and eRL are also phenotypically different.
Discussion
The RL refers to the proliferative neuroepithelium along the dorsal alar plate (His, 1891). The RL can be further separated into two domains: the cerebellar RL that arises from rhombomere 1 and gives rise to cells in the cerebellum, and the lower RL that arises from rhombomere 2 to 8 and generates the precerebellar nuclei of the hindbrain (Rodriguez and Dymecki, 2000; Ray and Dymecki, 2009) . Studies have shown that precursor cells emerge from the cerebellar RL to form the adjacent EGL, and classically believed to be specified exclusively to a granule cell lineage (Hatten and Heintz, 1995; Alder et al., 1996) . More recently, genetic lineage tracing of RL cells marked by Math1 and Wnt1 gene ex- pression identified that the CN neurons and UBCs also arise from the RL (Machold and Fishell, 2005; Wang et al., 2005; Englund et al., 2006; Hagan and Zervas, 2012) . Interestingly, Altman and Bayer (Altman and Bayer, 1997) made the observation that the RL is comprised of two cytologically distinct epithelial faces, providing the possible morphogenetic basis for multiple cell types arising from the RL.
In the present studies, we describe a novel RL marker, Wls, which marks a cell population in the iRL that is found to be molecularly and cellularly distinct from the complementary Math1-positive eRL cell populations. Our finding of the Wls ϩ / Math1
Ϫ population indicates molecular heterogeneity in the RL. Recent studies have also noted molecularly heterogeneous populations of cells in the RL, defined by Lmx1a ϩ /Math1 Ϫ and Wnt1 ϩ /Math1 Ϫ expression (Chizhikov et al., 2010; Cheng et al., 2012; Hagan and Zervas, 2012) . To further examine the ideas of RL compartmentation, we performed the expression of a panel of five RL markers (Wls, Math1, Pax6, Lmx1a, and Tbr2) at early and later developmental time points. Our results reveal a more complex compartmentation in the RL compared with previous studies (Chizhikov et al., 2010; Cheng et al., 2012; Hagan and Zervas, 2012) and define four molecularly distinct compartments in the RL (see summary schematic; Fig. 11 ). These compartments are defined by (1) Wls-positive cells in the roof plate and the distal tip of the RL from E11 to E18 (Fig. 11, pink region) . These cells only express low levels of Math1 and Lmx1a and are negative for Pax6 and Tbr2. (2) Strong expression of Wls in cells of the interior face of the RL, a cytoarchitecturally distinct region characterized by a columnar arrangement of cells (Altman and Bayer, 1997; Fig. 11, green region) . This compartment becomes apparent at approximately E13.5 with a strong Wls expression and an intermixing of Math1 ϩ cells and a low level of Pax6 and Lmx1a expression. At E15.5, these cells are found to be largely Math1 negative and are Math1 independent (Jensen et al., 2004 and the current paper). As development progresses (e.g., by E18.5), these Wls ϩ cells are completely segregated from the Math1-expressing cells. (3) Strong expression of Math1 and Pax6 is seen in cells at the exterior face of the RL (Fig. 11, yellow region) (Chizhikov et al., 2010) . Therefore, the domain that gives rise to CN neurons maps to the compartment identified in this study by Math1 ϩ /Wls Ϫ /Lmx1a Ϫ at E11.5 (Fig. 11 , yellow compartment). Granule cell progenitors arise later from the RL starting at E12.5 (Machold and Fishell, 2005) and have strong expression of Math1 (Machold and Fishell, 2005) and Pax6 (Engelkamp et al., 1999) but not Lmx1a (Chizhikov et al., 2010) in the EGL, which aligns with the eRL in Figure 11 at E13.5-E15.5. This is supported by the observation that in the Math1-null RL, the yellow compartment is absent and so is granule cell production and current findings). The origins of UBCs coincide with the blue region in Figure 11 defined by Tbr2 ϩ /Lmx1a ϩ /Pax6 ϩ /Wls Ϫ at E15.5-E18.5 (Englund et al., 2006; Chizhikov et al., 2010) . Thus, our gene mapping in combination with mutant analyses defines four distinct, molecularly defined compartments in the developing RL.
In this work we examine the interaction between Math1 and Wls in the RL using the Math1-null mutant, and find the presence of Wls-expressing cells in the Math1-null RL, which indicates that the Wls ϩ domain is independent of Math1 regulation. Given that Math1 is required and sufficient in generating cerebellar glutamatergic neurons from the neuroepithelium Yamada et al., 2014) and that all glutamatergic RL derivatives are lost in the absence of Math1: Does our finding imply that Wls ϩ domain is dispensable in the generation of cerebellar cell types? Interestingly, we observed a weak expression of the Wls-reporter protein in some cells in the adjacent Math1 ϩ eRL, the subpial stream, and the EGL, which may indicate that the Math1 ϩ RL cells are of Wls lineage. A genetic fate mapping study has shown that RL cells that express Math1 rapidly migrate out of the RL (Machold and Fishell, 2005) A cellular and molecular model of the role of the Wls-positive domain in the cerebellar RL development. A, Cellular, The Wls ϩ iRL serves as a reservoir for RL progenitors that will migrate out of the RL through the eRL when these cells turn on Math1 expression. B, Molecular, The molecular interaction between Wls (green), Math1 (blue), and Pax6 (red) in the RL progenitors is proposed based upon experimental results in this paper and other studies. Cells in the iRL express Wls, which activates the expression of Math1 through the action of ␤-catenin. Expression of Math1 in these cells specifies an RL cell fate and instructs the cells to migrate to the adjacent eRL. In the eRL, these Math1-positive RL progenitors express Pax6. In turn, Pax6 represses the expression of Wls in these RL progenitor cells, providing a negative regulation on Wls and promoting Math1 expression in order for the progenitor cells to differentiate appropriately. CP, choroid plexus; VZ, ventricular zone.
pression is switched on. Thus, the Wls ϩ domain in the iRL may serve as the reservoir of precursors for the Math1 ϩ RL cells (Fig.  12A ). In line with this, a recent study has found that ␤-catenin, the key mediator of Wnt signaling and downstream of Wls, activates in vitro expression of Math1 in neural progenitor cells (Shi et al., 2010) . By a similar mechanism, Wls may induce Math1 expression in the cells of the RL through the activation of Wnt signaling. Thus, the in vitro observation and our present data raise the possibility that Wls is upstream of Math1 and that the Wls ϩ domain provides both the cells and the signal for the Math1-progenitor population. Further support for this idea comes from our observation that Math1-reporter expression is found in Wls-expressing cells in the iRL of the Math1-null cerebellum. A possible explanation for this observation is that Wls in the iRL induces Math1 reporter expression in the iRL cells, but without actual Math1 expression, the cells are not instructed to migrate from the iRL.
We also examined the interaction between Pax6 and Wls in the RL using the Sey mutant, and found evidence that Pax6 negatively regulates Wls. In the Sey mutant we observed an expansion of Wls expression into the eRL and the EGL, areas that normally express Pax6 and are devoid of Wls-positive cells, suggesting that Wls is normally restricted to the iRL by the suppressive action of Pax6. This idea is supported by our Pax6 transcriptome analysis (www.cbgrits.org) where we found a downregulation of Wnt antagonists such as Dkk3 and Sfrp2 in the absence of Pax6, indicating that Pax6 exerts suppression on Wnt signaling through the action of Wnt inhibitors. One possible function for Pax6 suppression of Wls is to control the expression level of Wls downstream genes. As discussed above, Wls may activate Math1 expression in the RL. In the loss of Pax6 suppression ectopic Wls expression in the eRL and EGL is found, and we would expect an upregulation of Math1 expression as a result. This is consistent with our Pax6 transcriptome analysis (www. cbgrits.org) in which we observed a significant increase of Math1 expression at E18.5. Furthermore, it has been demonstrated that a balanced level of Math1 expression is required for proper granule cell differentiation (Helms et al., 2001) , thus Pax6 can provide a negative feedback control on the Math1 expression through Wls, which is required for the proper development of granule cells (Fig. 12B) .
In conclusion, our current work identifies the existence of molecular heterogeneity in the RL and uncovers dynamic interactions between the novel RL molecule, Wls, and Math1 and Pax6. These interactions may serve to establish a molecular cascade that controls the specification of RL derivatives. We also describe four molecularly distinct compartments that evolve during embryonic development, and each may represent the developmental domain that gives rise to different RL derivatives in the cerebellum.
